A concept demonstrator of the structural health monitoring (SHM) system was developed to autonomously detect the degradation of the mechanical integrity of the standoff carbon-carbon (C-C) thermal protection system (TPS) panels. This system enables us to identify the location of the loosened bolts, as well as to predict the torque levels of those bolts accordingly. In the process of building the proposed SHM prototype, efforts have been focused primarily on developing a trustworthy diagnostic scheme and a responsive sensor suite. In part I of the study, an attenuation-based diagnostic method was proposed to assess the fastener integrity by observing the attenuation patterns of the resultant sensor signals. The attenuation-based method is based on the damping phenomena of ultrasonic waves across the bolted joints. The major advantage of the attenuation-based method over the conventional diagnostic methods is its local sensing capability of loosened brackets. The method can further discriminate the two major failure modes within a bracket: panel-joint loosening and bracket-joint loosening. The theoretical explanation of the attenuation-based method is performed using micro-contact theory and structural/internal damping principles, followed by parametric model studies and appropriate hypothesis testing.
Introduction
In the process of re-entry, tremendous amounts of thermal and mechanical loads are directly applied to space operation vehicles (SOVs). The thermal protection system (TPS) protects the SOV not only from extreme temperature environments, but also from severe mechanical loadings, which include aerodynamic/acoustic pressure and debris impacts. In general, a TPS consists of different kinds of insulating covers, such as tiles, blankets, and panels, which attach to the vehicle's surface directly or via joints. Along the wing leading edges and nosecone, that are the hottest areas of a space vehicle, the carbon-carbon (C-C) panels are integrated using mechanical fasteners. To preclude heat transmission from the C-C panels to the base structure and to isolate external loads, standoff integration is utilized to attach the C-C panels on the base structure as shown in figure 1. In the standoff integration, mechanical fastening with the use of brackets and bolted joints is adopted to accommodate strong attachment of the C-C panels to the base structure. Such an integration method is more effective than adhesive bonding, since the C-C panels are much heavier than tiles, and more importantly adhesive agents cannot survive in an extreme thermal environment. Additional advantages include the fact that the mechanical joints dampen the vibration and permit the discrepancy of thermal expansion between the C-C panel and the metallic base structure.
Despite all these advantages, the mechanically fastened joints reveal serious susceptibility to structural degradation of fastener integrity under extreme aerodynamic loading and aerothermal oblation at the highest temperature of around 1650
• C. Any misalignment of C-C panels, due to the degradation of the mechanical integrity, is extremely dangerous. For the configuration illustrated in figure 1 , the mechanical degradation in the bolted joints occurs in two locations-panel and bracket joints. In this study, the resulting panel and bracket loosening phenomena are recognized as failure modes 1 and 2, respectively. Undetected damage or failure in the mechanical fasteners causes hot air to penetrate into the detachment gap during the re-entry heating process, which leads to subsystem malfunctions, and in the worst case scenario to the catastrophic loss of vehicle and crews (LOV/C). Paté-Cornell and Fischebeck [1] explained this chain reaction using the flow chart shown in figure 2. Therefore, advanced structural health monitoring (SHM) technology for the detection of bolt loosening in the C-C TPS panels is vital to avoiding disastrous failure and ultimately to enhancing reliability and efficiency of inspection procedures. An ultrasonic health monitoring technique has already proven to be effective in assessing the degradation of mechanical fastening or integrity; the scheme has been successfully applied to several demonstrators, such as lap/bolted joints and truss structures [2] [3] [4] . In general, the conventional ultrasonic schemes can be divided into two groups: a vibration-based method and a wave-propagationbased method. Previously, vibration-based methods have been primarily utilized for the detection of fastener loosening in bolted structures. The vibration-based approach is to excite the entire structure and search for features that reflect damageinduced changes to the dynamic response. Traditionally, features have been derived from a modal analysis of the structure. Derriso et al [5] investigated the fastener torque values using the low-frequency mode shapes of the healthy and damaged bolted C-C TPS structure. Hundhausen et al [6] analytically derived the first few modal parameters of a bolted standoff panel from a finite element model. Other non-modalbased schemes have included auto-regressive approaches and phase space methods [7] . Nichols et al [8] utilized datadriven phase space models in assessing the strength of a bolted connection in a composite beam.
All these methods are, however, principally global in the sense that they are designed to interrogate a relatively large region of a structure utilizing the global characteristics of the structure, for example, resonant frequencies, mode shapes, flexibility, etc. Such global approaches are not efficient in recognizing a specific location of the loosened bolted joint in a large structure with numerous joints. On the other hand, localized sensing is achievable through an impedancebased technique; Peairs [9] introduced such an impedancebased method to detect bolt-loosening phenomena. However, the sensing area of the impedance-based method is highly constrained to the direct contact region to the transducers, and as a result the method cannot be applicable to the heated bolted joints for the application of C-C TPS panels. Unlike assessing torque levels in typical bolted structures, it is extremely challenging to apply existing techniques to the standoff C-C panels. The complicated configuration of the mechanical fasteners and the harsh space environments in terms of temperatures and mechanical loads impose numerous constraints on the design and application of a sensory system.
In this paper, an attenuation-based method is presented to assess the fastener integrity of a bolted structure in a local region along the guided path of wave propagation. The attenuation-based method is a new form of the wavepropagation-based method that uses the attenuation patterns of long-term sensor signals in the time domain, which reflect energy dissipation phenomena at the bolted joints. Such an attenuation-based diagnostic method is capable of locating loosened brackets, as well as quantifying in a reasonable manner the degree of bolt loosening in both failure modes 1 and 2. The physical interpretation of the attenuation-based approach is carried out with the aid of a micro-contact theory and structural/internal damping principles.
Methodology
In the wave-propagation-based techniques, it is possible to excite a structure to produce various types of elastic waves, such as Rayleigh waves in thick structures, shear and extensional waves, and Lamb waves in plate or shell structures, by supplying short-term diagnostic waves. The energy carried by the short-term diagnostic waves is dissipated in a local area [10] . This dissipation process is recorded in the form of attenuated signals from the complementary transducer. The attenuated signals containing the history of wave transmission or reflection are represented in the time domain [11] . By analyzing the time-domain sensor signals, it is possible to obtain information about the degradation of the structural integrity.
Principle
As illustrated in figure 3 , the attenuation-based method utilizes a five-peak tone burst signal as an input signal and measures the transient response of the structure with the aid of embedded PZT (lead zirconate titanate) ceramics that enable actuating and remote sensing using guided waves. This procedure is in contrast with the vibration-based methods in which a continuous sinusoidal signal is used as an input, and the steadystate response as an output. The recorded sensor signals take the form of decaying curves due to the damping, which occurs primarily in the vicinity of the bolted-joint areas. Due to the local dissipation of the propagating waves, the attenuationbased method makes possible bracket-by-bracket inspection, as illustrated in figure 3 . In other words, the diagnostic results generated by the attenuation-based method will tell us which bracket module is under loosening, and furthermore whether the loosened bracket experiences either one, or sometimes both, of the mode 1 or mode 2 failures-panel and bracket loosening.
Since the main goal is to locate the loosened bracket and to diagnose if it is under panel and/or bracket loosening, a couple of bolted joints at the panel and bracket junctions are evaluated collectively, as shown in figure 4(a). In other words, T p and T b -the torque values at the panel and bracket joints, respectively-are the variables to be determined by the diagnostic scheme. As shown in figure 4(b), the time-domain signal after the bolt-loosening will differ in terms of amplitudes and decay rate from the baseline time-domain signal that was measured before the damage. Since it is not efficient to deal with the raw signals, two major features-α and β-are to be specified to describe the amplitudes and decay rates of the attenuated signals, respectively, since they vary sensitively depending on the loosening status. This procedure is called feature extraction, as demonstrated in figure 4 .
As a next step, it is necessary to investigate how the extracted features are related physically to the loosened status of the bolted joints. This relationship is explained analytically in section 3 using microcontact theory and damping principles. After the effects of the torque levels at the panel and bracket joints on the extracted features are revealed, they will be expressed in the form of functions as follows:
Finally, the practical issues of diagnosing the torque levels from the obtained sensor signals will be resolved by means of solving inverse problems as below:
Therefore, by analyzing the attenuation patterns of the timedomain signals, information about the bolt loosening can be deduced.
Feature extraction
In reality, an actual sensor signal not only contains wave attenuation in a dissipative medium, but also reflects the wave absorption and scattering, which are highly complex processes. As a result, the measured sensor signal exhibits complicated patterns, and therefore appropriate signal processing is required to obtain the features that describe effectively the attenuation pattern of the sensor signal. In this study, energy and specific damping capacity are used as extracted features.
Energy.
The integral form of electrical energy stored in the transducer in the time domain [t s , t f ] can be expressed asÊ
where C is the capacitance of the PZT ceramic, and V (t) is a continuous form of the voltage applied to the PZT ceramic.
Here, E C (t) denotes the electrical energy at time t.
In the discrete time domain, the first feature-energy-after appropriate simplification can be expressed as a second norm of the sensor signal as follows:
where V [t] and ω s denote the discrete sensor signal and its sampling frequency, respectively. Due to the capability of PZT ceramic to transform strain energy into electrical energy and vice versa, such energy derived from the sensor signal reflects the strain energy delivered by the propagating waves to the sensor.
Specific damping capacity.
While energy mimics the role of the amplitude in an attenuated signal, the second feature-specific damping capacity (SDC)-can successfully describe the attenuation speed of the sensor signal. For a perfectly exponential curve in the case of ideal linear damping, the attenuation speed can be described in terms of SDC, ψ, as follows:
where ω and V 0 are the angular frequency and the initial amplitude of the oscillating signal, respectively [12] . In reality, the amplitude of propagating waves in a dissipative medium does not follow the exponential shape identically, but rather reveals an irregular pattern. Therefore, a running mean technique is used to obtain an envelope of the sensor signal, and it is fitted into an exponential curve using the least mean square technique [13] . Mathematically, it is identical to convolving a function V (t) with a window function W (t) of width δ. This results in the transform V R (t) being subjected to a form of low-pass filtering, which can be expressed as
In the discrete domain, the running mean can be expressed as follows:
The next step is to find the best-fitting curve that decays exponentially with the decay speed controlled by an SDC, or ψ, as follows:
whereV R 0 is the initial amplitude of the best-fitting curve. The least squares fitting curve can be obtained by imposing the following conditions:
where the residuals, R, are expressed as follows:
Here N is the number of data points on the curve. After distributing equal weights to all the data points, the best fit value for ψ is as follows [13] :
Therefore, given the raw diagnostic signal, it is possible to extract two features based on (7) and (14).
Theoretical background
In this section, the extracted features are carefully associated with the wave propagation and energy dissipation phenomena in the imperfect interface of the bolted joints. Esteban et al [14] introduced continuum mechanics to explain the energy dissipation through joints. In this paper, we utilize contact mechanics to analyze the effects of interface integrity on the energy transmission at a bolted joint. Based on the contact theory, damping principles, which explain the dissipation of energy, are introduced to describe the behavior of the energy and SDC as functions of mechanical loads. 
Microcontact theory
If observed on a microscopic scale, all machined surfaces are rough, and the contact between surfaces is restricted to discrete areas at the tip of the surface asperities. The contact between the two nominally flat, but imperfect (or non-bonded), surfaces is no exception. In this respect, all the bolted joints also develop partial contact at their imperfect interfaces, unless the bolted joints are glued. As illustrated in figure 5 , the behavior of fastening the bolted joints can be regarded as imposing higher contact pressure at the imperfect interfaces. At these imperfect interfaces, a fraction of the nominal contact area, defined as a true contact area, is generated as shown in figure 5 (c). The true contact area is known to be smaller than the nominal contact area. This true contact area varies with the contact pressure. To describe the relationship between the true contact area and the contact pressure, the sinusoidal wavy surface model and classical Hertz theory are introduced in this study [15] .
3.1.1. Sinusoidal wavy surface model. The simplest, but still realistic, model of a nominally flat surface is a sinusoidal wavy surface, which has a sinusoidal profile of the contact surface as shown in figure 6 . If the amplitude is small compared to the wavelength λ, so that the deformation remains elastic, the contact of such a surface with an elastic half-space can be analyzed using classical microcontact theories. Figure 6(a) illustrates the fact that a sinusoidal wavy surface has a zero true contact area under zero mechanical loading, ignoring the effects of gravity. As pressure p is applied to the contact surface, the true contact area, which is smaller than the nominal contact area, begins to be formed as shown in figure 6(b) . A magnified view of the asperities is displayed in figure 6 (c). For this regular wavy surface, the load carried by a single asperity and the curvature for the sinusoidal surface can be expressed as follows: 
To predict the shape of the area of contact and its growth with an increasing load, a contact theory is necessary.
Classical Hertz contact theory.
There are numerous microcontact models, but within the range of elastic deformation classical Hertz theory still provides a good match with experimental results [15] . Figure 7 shows the geometries of a single circular asperity before and after elastic deformation. Hertz theory relates the geometric parameters and contact load as follows:
Here a and Y denote the radius of the contact and Young's modulus of a contact material, respectively. The Hertz equation for a sinusoidal wavy surface can be obtained by substituting (15) and (16) into (17) . As a result, the relationship between the true contact area and the contact pressure is obtained as follows:
Here A t / A n is the ratio of the true contact area to the nominal contact area, and p 0 is the maximum Hertzian pressure. Within the limit of maximum Hertzian pressure, the true contact area is proportional to the square root of the pressure applied to the contact surface. Beyond the maximum Hertzian pressure, the true contact area starts to deviate from the analytic prediction in (18) , but is expected to asymptotically approach the nominal contact area.
Damping principles
The effects of external loading on the imperfect interface have been discussed in section 3.1. In this section, the condition of the imperfect interface, in terms of the true contact area and the contact materials, will be associated with the attenuation Figure 8 . Energy transmission at the microcontact interface.
phenomena of propagating waves using damping principles. The attenuation of the propagating waves is due to damping of the structure. Damping is categorized into two groups: structural damping, in which energy dissipation occurs at contact surfaces, such as joints and fasteners; and internal damping, in which energy dissipation is caused by material irregularities [16] . According to this definition, it is possible to associate the structural damping with the activity of fastening bolted joints, since the torque level in a fastener affects the condition of a contact surface at the bolted joint. On the other hand, distinguishing between panel and bracket loosening can be achieved by investigating internal damping phenomena, because depending on whether the loosened location is a panel joint or/and a bracket joint different compositions of internal damping materials will be formed.
Structural damping.
In general, structural damping is responsible for the energy dissipation at contact interfaces of elements constituting non-conservative joints, such as sliders, bearings, and fasteners. Considering the fact that waves are the method of power transmission, the energy dissipation phenomena at the imperfect bolted joints can be described by examining wave propagation at the interface [17, 18] . As illustrated in figure 8 , incoming waves that contain energy, E i , are split into transmitted and lost waves at the microcontact interface. The energy transmitted and lost can be denoted as E o and E l , respectively. The lost waves are leaked into the contact material in the form of leaky waves or dissipated due to the friction at the interface [19] . Based on the fact that the wave leakage and dissipation occur only in the true contact area, it is hypothesized that the amount of wave leakage and dissipation is proportional to the true contact area as follows:
After being lost through leakage and dissipation at the interface, the transmitted energy can be expressed as
where γ is a depletion coefficient that represents the efficiency of energy loss and dissipation at the interface. In conjunction with the results based on the contact theory in section 3.1, the transmitted energy can now be expressed as a function of contact pressure at the interface. After considering the relationship in (18) and substituting transmitted strain energy, E o , with the equivalent electrical energy measured by the
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integrated sensor, the first feature, E, can be expressed as a function of contact pressure as follows:
In (22) and (23), c 1 and c 2 are constants. This relationship implies that as the contact pressure increases, a larger true contact area is formed; as a result, after losing energy in the form of leakage and dissipation through the enlarged true contact area, less energy is transmitted to the sensor. Figure 9 shows the plot of transmitted energy with respect to the contact pressure.
Internal damping.
Previous studies showed that the properties of compound materials are approximated quantitatively as linear relations between the properties of two constituting materials [20, 21] . In the same fashion, we hypothesize that the effective SDC, ψ, of a structure under wave propagation, as shown in figure 10, can be described by a simple linear relationship between the SDC of contact material, ψ 0 , and the SDC of the base structure, ψ C , as follows:
where v 0 and v C are the volume fractions of base and contact materials, respectively. In this relationship, the volume fractions need to be carefully considered due to the variable true contact area at the imperfect interface. For instance, the effective SDC value at the zero contact will be approximated to that of the base structure, whereas the effective SDC at the full contact will account for the SDCs of both contact and base materials based on their volume fractions. In mathematical form, these boundary conditions can be expressed as follows:
If it has been assumed that the contribution of the contact material to the effective SDC is increased linearly as a larger true contact area is developed, the effective volume of the contact material can be defined as follows: Now the effective SDC in (24) can be rewritten in the form
Considering the fact that the ratio of the true contact area to the nominal contact area is proportional to the square root of the contact pressure as derived in (17), the effective SDC leads to the expression
where c 1 and c 2 are constants. Plots of effective SDCs as functions of contact pressure for different types of contact materials are shown in figure 11 . From a qualitative perspective of the wave attenuation, a material with low intrinsic damping produces a slower decay, whereas a high-damping material causes a faster attenuation of the propagating waves. In terms of SDC as discussed in section 2.2.2, the slower decay of the attenuation curve yields a smaller SDC, while a faster decay of propagating-waves results in a larger SDC. Therefore, as a contact material with a higher SDC than that of the base material is integrated, the effective SDC is increased due to the increase of the overall internal damping, while a contact material with a lower internal damping will result in the decrease in the overall SDC. 
Parametric model study
In this section, parametric studies are conducted to verify the aforementioned hypotheses regarding the microcontact theory and structural/internal damping principles. Imperfect contact conditions are simulated using a simplified model, and the effects of fastener integrity on the attenuation patterns of measured signals are investigated. In particular, the changes of features-energy and specific damping capacity-extracted from diagnostic signals are carefully examined as a function of the structural and internal damping parameters.
Test methodology
4.1.1. Simplified model. For the purpose of investigating the effects of several damping/design parameters on the attenuation patterns of propagating waves, a simple experimental apparatus is designed and employed; using a simplified model, rather than the actual C-C TPS prototype, the contact conditions can be easily controlled. The C-C TPS prototype has two types of bolted joints: a panel joint and a bracket joint. As illustrated in figure 12(a) , the process of fastening the bolted joints can be interpreted as the activities of imposing higher contact pressure at the imperfect contact interfaces. In this respect, modes 1 and 2-panel and bracket loosening-can be simplified as shown in figures 12(b) and (c). In this simplified configuration, it is easy to accommodate various damping conditions in terms of contact pressures and contact materials.
4.1.2.
Experimental set-up. Figure 13 shows the experimental set-up for testing the attenuation of propagating waves in a simplified model. A thin wave-propagating medium mimics the bracket in the C-C TPS prototype, while the various weights on the stand simulate a range of contact pressures on the wave-propagation medium. The dimensions of a wave-propagating medium are 203 mm × 12.7 mm × 3.18 mm. A quasi-isotropic carbon-fiber composite specimen is selected as a coupon material for the wave-propagating medium. At quarter length distances from both ends of the wave-propagating medium are two PZT ceramics with the dimensions of 12.7 mm × 12.7 mm × 1.27 mm for the purpose of generating and recording ultrasonic waves in the specimen. Two damping materials-2024 alloy aluminum and Teflon, which have distinctive degrees of internal damping, are adopted to investigate the effect of contact materials on the wave attenuation patterns. Fiber-reinforced composite materials possess more inherent material damping than metals or monolithic composites [22] . In addition, the damping factors for polymer materials, such as Teflon, are reported to be an order of magnitude greater than those of composite or metallic materials due to the polymer's viscoelastic properties. As a result, the following relationship can be deduced:
where ψ Alu , ψ Com , and ψ Tef are the SDCs of aluminum, composite, and Teflon materials, respectively. Figures 14(a) and (b) demonstrate two test configurations that simulate an imperfect contact of a wave-propagating medium with lower and higher internal damping material than itself, respectively. The dimensions of the contact material are 12.7 mm × 12.7 mm × 102 mm. As shown in figure 15 (a), a ±5 V tone-burst signal with 100 kHz center frequency in a Gaussian envelope is used as an actuating waveform. For sufficient power to excite the specimen, the input tone-burst signal is amplified fourfold using an external signal amplifier. The amplified signal is then fed into the actuator PZT ceramic that is mounted on the wave-propagating medium. By converting electric energy into strain energy, the transducer generates elastic waves, which propagate through the medium. In the reciprocal manner, the sensor PZT ceramic records the arriving elastic waves by converting strain energy back into electric energy. A data acquisition card records the signal from the sensor PZT ceramic as shown in figure 15(b) . It is notable that the measurements of sensor signals are made in the long-term time domain during 20 ms, which is about 400 times longer than the period of the actuation waveform. 
Empirical validation
Using the experimental set-up described in the previous section, parametric tests were performed under various structural/internal damping conditions. In each damping configuration, the recorded attenuation signal was processed into extracted features, and these are used to describe the effects of structural/internal damping on the signal attenuation and ultimately, to validate the hypotheses that were developed formerly.
Hypothesis testing on energy transmission.
For the purpose of experimental validation, hypothesis tests were performed at a variety of contact pressure levels, and the transmitted energy values were plotted as a function of contact pressure. Figure 16 shows the empirical results accompanied by the analytic curves, which are obtained from (23). The trend of these curves results from the deduction that an increase in the contact pressure facilitates the leakage or dissipation of the propagating waves through the enlarged true contact interfaces. Since the empirical results agree with the analytic results, the aforementioned hypothesis regarding the relationship between the energy loss due to wave leakage and dissipation and the corresponding contact area gains plausibility.
Supplementary tests were performed to confirm the conclusion from the previous hypothesis testing. According to the microcontact theory, the true contact area varies as a function of contact pressure in the case of imperfect contact. If epoxy bonding is applied to the surface of the interface, a consistent, full contact between the wave-propagating medium and the contact material is ensured under the assumption that perfect bonding is achieved by the epoxy medium. In such a configuration, the true contact area is presumed to be identical to the nominal contact area. Therefore, based on the energy-transmission hypothesis that describes energy transmission as a function of the true contact area, the leakage or dissipation of propagating waves must be invariable at the interface, regardless of the variance of the externally applied pressure. The experimental results are illustrated in figure 16 ; in agreement with the analytic prediction, the transmitted energy is independent of the contact pressure. This finding means that the hypothesis that energy leakage and dissipation is proportional to the true contact interface is proper.
Hypothesis testing on effective SDC.
The analytic study in section 3.2.2 concluded that the effective SDC can be a good guide for distinguishing different contact materials with dissimilar damping properties; if a higher damping material than the wave-propagating medium is integrated into the structure, the effective SDC is increased. On the other hand, a contact material with relatively lower damping reduces the effective SDC, as the contact pressure is increased. The theoretical background of the previous statements is the hypothesis on the effective SDC that follows a linear relationship between the damping properties of contact material and the base structure.
To experimentally verify the effects of internal damping on the effective SDC, the changes of effective SDC values with respect to the contact pressure were plotted in figure 17(a) for the two different contact situations: aluminum contact and Teflon contact. As discussed in section 4.1.2, aluminum contact simulates integration of a lower damping material, whereas Teflon contact imposes a higher damping condition on the overall attenuation patterns of propagating waves. As a result of the tests, the aluminum contact results in a decrease in the effective SDC, while the Teflon contact causes an increase in the SDC. These trends are demonstrated with two different curves in figure 17 (a), and it can be found that the experimental results agree with the analytic prediction, as expressed in (29) and shown in figure 11 . Therefore, it can be concluded that the SDC sensitively reflects the internal damping property of a contact material.
Conclusion
Based on the damping phenomena across the bolted joints, the attenuation-based method assesses the loss of the preload at the fasteners by observing the attenuation patterns of the sensor signals. In this method, ultrasonic waves are generated and transmitted through the imperfect interfaces between the fastening components. Depending on the amount of pre-load at the bolted joints, the contact condition at the imperfect interfaces varies; as a result, guided waves along the interfaces reveal different dissipation patterns. By analyzing the transient responses of the sensor signal measured by the embedded sensors, information about the fastener integrity can be deduced in terms of the torque levels of the monitoring bolts. Due to the local dissipation of the excitation waves in the vicinity of the bolted joints, the attenuation-based method is capable of local sensing, as well as distinguishing failure modes 1 and 2. The physical interpretation of the attenuation-based approach was performed with reference to micro-contact theory and structural/internal damping principles. To verify the analytic results predicted by the contact theory and damping principles, parametric studies were conducted using a simplified model. The testing successfully verified the hypothesis regarding the relationship between the pre-load and the sensor-measured energy. It was also shown that the source of loosening-panel and/or bracket joint-can be identified by observing the attenuation speed of sensor signals in terms of specific damping capacity. The findings in part I of the study will form a basis for applying the attenuation-based method to the bolt-loosening detection in an actual C-C TPS prototype, which will be covered in part II: experimental verification.
